Abstract-Heating by microwave energy is explored in processing of two nuclear waste forms: 1) drying of a pelleted form and 2) vitrification. It is shown that residence time can be greatly reduced compared to conventional heating sources, without affecting product quality.
I. INTRODUCTION N MANY of the current and prospective phases of radioactive waste treatment at the Idaho Chemical Processing Plant (ICPP) such as calcining, concentration by evaporating, drying of pelleted waste, or waste vitrification, heat is required. Microwave energy is considered in this paper as a source of the process heat in the latter two cases because of its potential for remote application for a radioactive process and its inherent quality of "volume" instead of "surface" heating.
II. MICROWAVE ENERGY
Microwave power consists of electromagnetic (EM) radiation of relatively short wavelength. The frequency used for the studies reported here is 2450 MHz, which has a 12-cm freespace wavelength. A microwave heating system consists of three main parts: the microwave generator, the applicator, and the connecting waveguide. The 6 kW variable generator used here included a 60 Hz to dc power source, a magnetron with isolator to generate the microwaves, reflected power dummy load, and a load impedance matching tuner. The applicator is simply a vessel to contain the microwaves and the material to which they are to be applied. The microwaves are routed from the generator to the applicator through a hollow rectangular waveguide.
III. PREVIOUS STUDIES A. Microwave Process Application
In a previous study, microwave energy was found to be potentially advantageous for either drying pellets or melting glass to produce a final radioactive waste form by remote processes [1] . Microwave heating has several potential advantages. The intrinsic properties of microwaves allow them to be channeled from a nonradioactive area to a radioactive processing cell with The greatest advantage of microwave heating comes in that the process material is heated and not the process. Product temperatures are not limited by the temperature of the heat source as they are by conduction, convection, or radiation. The absorbent temperature is limited only when its rate of heat loss is equal to its rate of absorbtion. For an absorbent material, adequately insulated, temperature has no upper limit using even the least powerful generator. Practical limitations are mostly due to the materials' ability to couple with and absorb the microwaves., the maximum temperature allowable in the applicator, available power, and the generator efficiency (about 75 percent for most magnetrons).
B. Microwave Breakdown
As in large dc electric field strengths, but by a slightly different mechanism, gases can undergo electron avalanche breakdown when operating at microwave frequencies with highintensity electric fields [2] . Calculations were done to determine the effects of ionizing radiation and off-gases on the level at which microwave breakdown occurs.
The calculations showed that the intensities of ionizing radiation expected in the microwave pellet dryer would not significantly decrease the breakdown field strength. Volatile materials such as water, fluorides, and NOX would not significantly reduce the breakdown field strength from that of clean air conditions. It is recommended, however, that off-gases should be swept from the microwave field to prevent them from becoming predominant or breakdown will occur at significantly reduced field strengths.
IV. DRYING OF A PELLETED WASTE FORM A. Laboratory-Scale Drying Tests
Laboratory experiments showed that the moist or "green" waste pellets as produced at the ICPP lose 15-25 percent of their total weight during the drying step [3] . Six to seven percent of the pellet weight is lost as NOX, most of the balance is water. Microwave drying requires 10-20 min versus the 80-120 min required using hot air. Fig. I shows the general shape of drying rate versus time for four levels of power in a commercially available household microwave oven. Fig. 2 shows the weight percent water left in the pellet versus time for exposure to the same four levels of power. As B. Pilot-Scale Microwave Dryer Successful rapid drying of the pellets in the laboratory without detrimentally affecting the final product prompted design of a pilot-scale dryer (see Fig. 3 ) for use in a pelletizing pilot plant. [4] . The dryer/applicator was sized such that for the frequency range deviations of the magnetron, the number of possible modes was maximized. Each stirrer, a revolving conductive fan blade, the prevailing modes alternate, thereby changing the wave-null pattern in the cavity and yielding fairly homogeneous heating of the sample. Generally the larger the cavity the more modes that are possible, but certain dimensions lead to more modes than others even though they may yield the same applicator volume.
The pellet dryer was sized to maximize the number of possible modes in the desired volume, giving a 51 cm X 56 cm X 91 cm cavity. The dryer has two microwave inlets from the generator which may be operated from 0-6 kW at 2.45 GHz. Pellets, 0.5-1.0 cm in diameter, are vibrated down three flights of glass trays tilted at 2-30 to give a residence time of 15 min which is sufficient to dry 25 kg of pellets per hour. Pellet inlet and outlet are one-inch tubes which allow gravity flow of pellets, but contain the microwaves in the applicator. The vol- Operation of the microwave drier will begin as soon as checkout of the pilot-plant system is complete. Tests will include residence time versus throughput and required power, and evaluation of the applicator physical construction. Microwave drying in this case is advantageous for at least three reasons: 1) heat is applied from a generator located in a nonradioactive area, 2) drying is faster than conventional methods, and 3) microwaves uniformly dry the whole pellet whereas radiant heating tends to initially form a brittle crust on the surface of the pellet that may crack as the inner volatiles heat and expand against this shell.
V. MELTING OF CALCINED WASTE A. The Glass Melting Process Using Microwaves
Another waste form being considered is immobilizing ICPP calcines in glass containing 20-33 wt%o calcine [5] . The glasses are a combination of vitrifying materials (frit), and the calcine (see Table I ) all melted at 1050-1 1000 C. The mixture of calcine and frit is melted for up to eight hours to ensure homogeneity before pouring into a final storage canister. Joule heating, as proposed, uses electrodes under the glass level that pass current through the molten pool, using the resistance of the glass to produce heat. The possible advantages of microwave over joule heating for glass melting are 1) simple melter startup, 2) no dependence on glass electrical conductivity, 3) no electrodes, and 4) no limit on operating temperature due to electrode materials. To use joule-heating some supplementary means must be used to raise the temperature of the glass to a point where it becomes electrically conductive. With microwaves, the energy absorbent glass will heat from ambient Finally, additives such as carbon black and certain salts can make a completely noninteracting substance somewhat conductive such that electric current is generated through the volume of the resultant mixture by the electric field of the 2.45 GHz EM waves. The distributed current through the distributed "resistance" causes heating of the substance.
Conversely if the absorbtivity is too high, indications are that the microwave energy is absorbed in a thin surface layer or the glass. The glass must then be adequately conductive to melt the bottom layer of the glass pool. "Skin effect," as this is called will vary of course with the material, temperature, and microwave frequency. In simulated commnercial waste at the melt temperature, the skin depth appears (by visual observation of a heated sample) to be only about 1 cm. For nonmelted simulated commercial waste powder, the skin depth apparently is many centimeters. The electrical conductivity of the hot, melted waste obviously is much larger than that of unmelted powder leading to the difference in skin depth effect.
The initial impression from testing of microwave heated melts is that after melting has actually been achieved, the skindepth effect causes further heating to resemble surface or radiant heat behavior rather than volume type heating. In pellet drying, though, the pellet size is such that typical microwave volume heating should result.
B. Laboratory-Scale Melting Tests
Experiments using microwave energy to melt glass have been reported [7] , [8] . 
C. Future Testing
The power required to melt the glasses needs to be more accurately measured. Absorbtivity tests need to be done on prospective glass tank refractories as well as on glass mixtures. Measurements to determine the effect of off-gases and highradiation fields on microwave breakdown must be done. Measurements to judge breakdown effects and to compare volatility to joule-heating experiments are also needed.
VI. CONCLUSION
Experiments show that microwave power appears practical for drying pelleted waste and has potential for melting waste glasses. Planned pilot-scale experiments will verify microwave pellet drying. Laboratory-scale melting tests indicate adequate microwave absorbtivity in the glass components to promote melting. Further testing remains to draw any conclusions on glass quality and process characteristics.
